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SECTION 1

INTRODUCTION

This report summarizes results obtained under the project entitled "Optical and Electrical
Characteristics of the Cathode Fall" for the period from 1 October 1989 to 30 September 1990.
It is submitted by the Quantum Physics Division of the National Institute of Standards and
Technology to thevAir Force Wright Laboratory. The research was carried out at the Joint
Institute for Laboratory Astrophysics with the direct supervision and participation of Dr. A.V.
Phelps, Principal Investigator.

The objective of this research is to extend and apply experimental diagnostics and simple
models to the optical and electrical behavior of the cathode fall regions of electrical discharges
in gases that are of interest to the Air Force. Since the beginning of this project in October
1989 we have a) designed, constructed, and tested a parallel plane electrode discharge tube
suitable for operation at the high current densities representative of practical cathode-fall
dominated discharges; b) measured voltage-current characteristics over a wide rage of currents
and pressures; ¢) determined the range of currents as a function of the external resistance and
pressure for which the discharge can operate and for which it is free of oscillations; d)
determined the range of currents as a function of external resistance and pressures for which the
discharge is constricted; e€) made exploratory measurements of the electronic charge
multiplication when a laser-induced photoelectron pulse is superimposed on a dc discharge; and
f) made measurements of the frequency and damping of transient oscillations of the discharge
current resulting from the release of a pulse of photoelectrons from the cathode. The

measurements of discharge operating conditions have been carried out in H,, N,, and Ar,




although the greatest emphasis in the analysis has been on H, because of the greater current Air
Force interest in H,.

Pulsed electrical discharges in molecular gases, such as H,, are of interest to the Air
Force because of their use in devices such as high power switches, electrically excited lasers,
and plasma processors. Because of their role in natural phenomena such as lightning and
corona, it is important that one be able to predict the contribution of multistep processes to the
growth of ionization in molecular gases such as N,. Gas discharges play a key role in the
production of semiconductors. An important aspect of this program is the development of
nonintrusive diagnostics of electrical discharges in molecular gases.

This report includes the following:
1) The parallel-plane electrode discharge tube suitable for operation at high current densities is
described in Section iI;
2) Measurements of voltage-current characteristics over a wide rage of currents and pressures
are summarized in Section III;
3) The determination of the range of currents as a function of the external resistance and
pressure for which the discharge in H, is free of oscillations is presented in Section IV;
4) The determination of the range of currents as a function of external resistance and pressures
for which the discharge is constricted is briefly summarized in Section V,
5) The search for absorption of light by N,* ions in the cathode fall is summarized in Section
VI.
5) Measurements of the differential electronic charge multiplication when a laser-induced

photoelectron pulse is superimposed on a dc discharge are discussed in Section VII, and




6) Measurements of the frequency and damping of transient oscillations induced by the discharge
current pulse resulting from the release of photoelectrons from the cathode are presented in
Section VIII.

Recommendations for future work are given in Section IX.




SECTION II
EXPERIMENTAL TECHNIQUE

Figure 1 shows a schematic of the discharge tube developed for these measurements of
the properties of cathode-fall dominated discharges.!> The cathode C is made of gold plated
copper and is operated at a high voltage relative to the grounded vacuum shell. The gold
provides a relatively stable work function for the photoelectron pulse experiments,* while the
copper base provides good thermal conductivity for the temperature rise measurements. The
electrode spacing is adjustable, but is set at 10 mm for the present experiments. A thermocouple
in contact with the copper cathode is used to measure the temperature of the cathode. The
thermocouple TC and its meter operate at the cathode voltage. The cathode lead is covered with
glass and ceramic and the cathode is surrounded with a tightly fitting quartz cylinder Q so as to
prevent long-path breakdown at low pressures.5 The anode A is a semitransparent film of gold
deposited on a quartz window. It is 60 mm in diameter and is insulated from ground for current
measurements.

A schematic of the electrical circuit is shown in Figure 2. All of the data reported were
obtained with a simple electrical circuit consisting of resistance Rg in series with the discharge
D and a monitor resistor between the anode and ground. The voltages were supplied from a dc,
voltage-regulated supply V,. In some of the experiments the stability characteristics of the
discharge were modified by changing the capacitance shunting the discharge C. The average
discharge currents were measured with an electrometer I and transferred to digitizer and personal

computer for storage and analyses. Similarly, the voltages across the discharge tube are




Figure 1. Schematic of discharge tube.
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Figure 2. Schematic of electrical circuit.




measured with a high-impedance voltage divider and electrometer V and then digitized and
stored in the computer. Gas pressures were measured with a diaphragm-type manometer with
a stated accuracy of + 0.01 Torr. The gas samples were taken from high pressure cylinders
with a stated purity of (0.9999.

Current oscillations were detected with a wide band oscilloscope (100 MHz) and the
discharge was recorded as oscillating when they reach 10% of the average current. Thus, the
small amplitude (= 5%), highly-damped, high-frequency "noise" pulses observed at low
currents ( < 107 A) with H, at 0.5 Torr are not designated as oscillations in this report. The
transient current and voltage waveforms were initially recorded with a wide-band storage
oscilloscope and then transferred to the computer.

SECTION III
VOLTAGE-CURRENT MEASUREMENTS

Representative voltage-current measurements in H, are shown in Figures 3(a) and 4(a)
for pressures of 0.5 and 3 Torr, respectively. Data (not shown) were also obtained at 1
Torr. In order to obtain these data the series resistance was varied from 1 kQ to 200 MQ.
The current range covered with each resistor was roughly a factor of 10, e.g., 10 to 3 x 10
3 A with series resistor of 9 MQ. The rather large scatter for currents in the 3 x 1073 to 3 x
102 A range in Figure 3(a) is related to instabilities, including oscillations, of the discharge.

The same is true for discharge currents near 10~ A for the data of Figure 4(a).
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SECTION IV
STABILITY CHARACTERISTICS

Figures 3(b) and 4(b) show the stability limits for the H, discharges for pressures of
0.5 and 3 Torr, respectively. The discharges are defined as oscillatory when the amplitude
of current oscillations exceeds 10% of the average current. The limits of oscillation are
indicated by the points and a smooth solid curve has been drawn through the points. Thus,
the discharges oscillated "inside" the region outlined by the solid line. The form of the
current oscillation is not indicated in the figures, but varies from near sinusoidal to very
sharp current spikes. The shaded regions of Figures 3(b) and 4(b) were not investigated.
For example, upper limits to the shaded rcgions at low currents and low resistances were
determined by our ability to set and maintain the voltage from the power supply and by
changes in the discharge voltage. These limits correspond to voltages across the series
resistance ranging from 1 to 5 V and are about equal to the reproducibility and stability
limits expected for the power supplies in use at that time. On the other hand, the lower
limits to the shaded region at the higher currents and resistances were set by the voltages
available from the power supplies and/or by the power dissipation allowable in the series
resistors. The shaded regions represent areas that may be accessible with sufficient effort
and do not represent known limitations set by the discharges.

In the case of discharges in H, at 0.5 Torr, Figure 3a shows an additional region
designated by crosses and labeled "inaccessible.” This region is inaccessible because of the
negative differential resistance behavior of the discharge in which the use of too small a

series resistance results in a jump of the current over the region. The details of this behavior
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have not been mapped out for the present discharges, although the general behavior is well
documented in the literature. !

The effect of changing the circuit capacitance was measured by removing extraneous
leads, e.g., the thermocouple voltmeter, and then adding known capacitances in parallel with
the discharge at fixed series resistance. In general, adding capacitance expanded the region
of instability to lower currents. Thus, for H, discharges at 0.5 Torr and a series resistance
of 50 k2 decreasing the measured circuit capacitance from the 500 pF of Figures 3 and 4 to
the minimum of 250 pF set by the discharge tube construction raised the low current limit
for oscillations from 1.5 to 2.3 mA. When the circuit capacitance was increased to 0.01 uF
the lower limit for oscillations decreased to 0.11 mA. The upper limit for oscillations was
unchanged to within the uncertainty of the measurements.

It is of interest to note that experimental data showing the regions in the current-series
resistance plane supporting oscillations do not appear to have been given in previous
publications.“ Theory and data needed for predicting the dependence of the lower current
limit for spontaneous oscillations on circuit resistance and capacitance and on the equivalent
negative resistance and inductance of the discharge have been given by Sigmond.®

For N, discharges oscillations were observed at 3 Torr with series resistances of 1
MQ for currents between 0.22 and 0.27 mA and with 5.5 MQ for currents between 0.26 and
0.55 mA. No oscillations were observed for pressures of 0.5 and 1 Torr. For Ar discharges
oscillations were observed at 0.3 Torr with a series resistance of 1 MQ for currents between

0.1 and 0.5 mA. No oscillations were observed for pressures of 1 and 2 Torr.

11




SECTION V
DISCHARGE CONSTRICTIONS

Records were kept of the range of discharge parameters which resulted in a visual
impression of a significant spatial variation of emission from the nega.ive glow over the area
of the discharge. We will designate a discharge with such nonuniformities as a constricted
negative-glow or cathode-fall discharge rather than use the conventional, !*3 but
uninformative, notation of a "subnormal” discharge. The case of uniform emission over the
cathode surface, which is conventionally referred to as an "abnormal” glow,l'3 will be called
the diffuse negative glow or cathode fall. No attempt has been made to show the transition
between constricted and diffuse negative-glows in Figures 3 and 4. In fact, no evidence was
obtained for the existence of constricted discharges in H, at a pressures of 0.5 and 1 Torr
and currents from 109 to 10! A. Ata pressure of 3 Torr of H, "constrictions", i.e.,
doughnut shaped brighter regions near the quartz cylinder, were observed with resistances of
1 and 50 kQ and currents of the order of 10 mA. Although constrictions were not detected
visually with the higher resistances, the small magnitude of the associated currents severely
limits the observation of any emission.

Constrictions were observed with Ar discharges for pressures of 1 and 2 Torr and
currents from 3 x 107 to 3 x 102 A. For 0.3 Torr of Ar, constrictions were observed for
currents from 1.5 x 10 to 102 A. For N, discharges constrictions were observed for
currents between 0.3 and 2 mA at 0.3 Torr, between 0.05 and 3 mA at 1 Torr, and 0.1 and
30 mA at 0.3 Torr. At 0.3 Torr the brightness of the constricted area changed as the current

changed, rather than the brightness remaining fixed as the area changed.
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SECTION VI
SEARCH FOR ABSORPTION BY N,*

A search was made for absorption at wavelengths of lines of the Meinel band of N2+
ions in the cathode fall of N, discharges. The apparatus was the same as that used for our
previous measurements of absorption by N2+ in the positive column of pulsed discharges
except that the diode beam was parallel to the electrodes of the discharge cell shown in
Figure 1. Because of distortion of the laser beam by the quartz cylinder, only two passes of
the laser beam through the cathode-fall region were possible.

Several preparatory experiments were preformed using the positive column discharge
described in Section II of WRDC-TR-90-2081. Attempts to obtain satisfactory absorption
signal-to-noise ratios by modulating the discharge current at frequencies in the kilohertz
range were unsuccessful because of very large noise components to the laser output and/or
the discharge at these frequencies. Attempts to- modulate the laser diode at 50 kHz were also
unsuccessful because of mode hopping. The development of a double modulation scheme in
which the laser is optically modulated at frequencies of = 1 MHz and the discharge is
modulated at a lower frequency was not pursued because of the equipment costs and effort
that would be required.

Measurements were made of the integrated absorption cross section for the R;(4) line
of the A 2IIu « X 22g+ (v’ = 2, v" = 0) band because this line i.s well isolated from
interfering lines of the B 3Hg « A 3L, transition. The first series of measurements were
made during the afterglow of a 10 us discharge at peak currents from 0.4 to 1.4 A. These

conditions were chosen because of the better signal-to-noise ratio resulting from the lower
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interference from discharge emission and the near absence of Doppler shift in the line
position. The integrated absorption was calculated from spectral scans and extrapolated to
the end of the discharge using the measured time dependence of absorption at line center.
The positive ion-electron density was calculated from the measured current and the
previously measured electron drift velocity. The results are expressed as the integrated
absorption so as to take into account changes in line width with ion drift. The integrated
absorption was observed to be proportional to the current. The resultant integrated

2 cm! per N,* ion. Data were also

absorption cross section was 5.5 + 1 x 10717 cm
obtained during the discharge, but have not yet been analyzed.

Assuming that the absorption linewidth and N,* density in the cathode fall are 0.03
cm! and 1010 cm’3, the peak absorption coefficient is = 2 x 105 ecm! for a current of =

50 mA. This means a fractional absorption of = 0.02% for the 12 cm path of our

experiment.
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SECTION VII
ELECTRONIC CHARGE MULTIPLICATION

The electronic charge multiplication experiments in N, at high E/n have been
discussed in detail by Gylys, Jelenkovi¢, and Phelps® for the case of a spatially uniform
electric field. Here we wish to extend the technique to the spatially nonurniform electric
fields characteristic of the cathode fall-negative glow regions of electrical discharges. The
technique requires the release of a short pulse of photoelectrons from the cathode and the
measurement of the integrated charge collected Q, at the anode at times slightly longer than
the electron transit time. This charge is proportional to the electron density weighted by the
potential that the electrons traverse in the discharge. The measured charge includes the
contributions of new electrons produced in the gap by electron impact ionization, although
these new electrons contribute less charge per electron than those produced at the cathode
because electrons produced in the gap traverse a smaller potential change. The measured
charge is normalized to the charge collected when the system is evacuated Q.

Figure 5 shows values of Q./Q_ measured recently for Ar at E/n = 1 kTd. The
points designated by circles were obtained in the absence of a self-sustained discharge, while
the squares show data obtained in the presence of self-sustained discharges from 0.5 to 5 uA.
The smooth curve is obtained by fitting the model developed for equilibrium discharges at
moderate E/n discussed by Gylys et al.® The ionization coefficient given by this fit is 10%
lower than published values obtained from steady-state or "Townsend" current growth

experiments. We have not yet applied the nonequilibrium model of Phelps and Jelenkovie”
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to this situation. We do not understand the large departure from the theoretical curve for the
data obtained in the presence of the self-sustained discharges, i.e., the highest voltage points
shown. We suggest that this departure from the predicted extrapolation from lower voltages
is the result of changes in the photoelectric yield that are caused by bombardment of the
cathode by ions from the self-sustained discharge. In principle, this problem can be
overcome by rapid switching of the applied voltage from the value appropriate to the self-
sustained discharge to a value that is low enough such that the electron multiplication is

negligible, e.g., 20 V for the conditions of Figure §.
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SECTION VIII
LASER-INDUCED DISCHARGE OSCILLATIONS

Measurements and analyses have been made of the current oscillations following
sudden increases in current through low current, low pressure discharges in hydrogen. The
currents were small enough so that the calculated space charge distortion of the electric field
was small. The E/n values ranged from E/n for which the electrons are in equilibrium with
the gas to E/n where nonequilibrium effects are important. The frequencies ranged from 2 to
30 kHz and the damping time constants were 100 us to 1 ms. These transient experiments
complement the earlier ac impedance measurements for steady-state hydrogen discharges by
Sigmond? at higher pressures and a lower electrode separation.

The experiments were conducted in the drift tube described in Section 11, i.e., parallel
plate geometry with electrodes 78 mm diameter and separated by d = 10 mm. The
pressures were from 0.5 to 3 Torr. The series resistance used to control the discharge
current was varied from 5 x 10% to 5 x 10® ohms. The current was monitored with a small
resistance in series with the electrode near ground potential. The discharges were visually
uniform. The changes in current were produced by laser induced photoelectron pulses from
the cathode. The photoelectric technique required averaging many transients to obtain a good
signal to noise. The upper limit of the discharge current was determined by the onset of
continuous oscillations.” The lower limit to the current was set by an overdamped approach
to steady-state. Figure 6 shows representative current waveforms resulting from the short

(= 10°8 s)
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photoelectron current pulses. The voltage waveforms show oscillations that are only a few
per cent of the discharge voltage.

Measured angular frequencies w and damping constants a, i.e., reciprocal damping
time constants, are shown in Figure 7 as a function of the discharge current for a hydrogen
pressure of J.5 Torr. The dashed line shows the angular frequency variation with the square
root of the current predicted using the model of discharge inductance discussed by Sigmond.8
It was observed that the size of the current monitor resistor used in the experiments shown in

Figure 7 was sufficient to alter the damping. Further examination of this feature is planned.
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SECTION IX
CONCLUSIONS AND RECOMMENDATIONS

The experiments with hydrogen discharges dominated by the cathode fall and
described in this report show that a) these discharges are unstable for wide ranges of current
and circuit resistance, b) increasing the circuit capacitance expanded the region of instabilities
to lower currents, c) lateral constrictions of the discharge occur over a much more limited
range of currents and pressures than do oscillations, d) laser-induced photoelectron pulses
produce damped oscillations for a discharge currents below those at which self-sustained
oscillations are observed, e) the frequency of the induced oscillations varies approximately as
the square root of the discharge current, and f) the damping of the oscillations increases with
discharge current in an as yet unexplained manner. Attempts to observe absorption of lines
of the Meinel band by N,* in the cathode fall of N, discharges were unsuccessful because of
the very small anticipated signal and difficulties in properly modulating the laser diode used
as a tuneable source. Measurements of the electronic charge multiplication at voltages below
and above the breakdown or low-current-maintenance showed an unexpected discontinuity at
the breakdown voltage. Further development of the technique will be necessary in order to
obtain useful data.

We recommend that the comprehensive measurements and analyses of dc electrical
discharges dominated by the cathode fall and negative glow be continued. The approaches
recommended for near-term research are: a) develop and apply relationships between the
measured oscillation frequency and the damping time constant of the steady-state discharge

and the charge and potential distributions within the discharge to test discharge models; b)
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complete the development of the electron-charge-multiplication perturbation technique; c)
mecasure and analyze the temporal and spatial development of the cathode fall and negative
glow; d) continue to look for opportunities for the development of the laser absorption
technique for the measurement of N, densities in N, discharges, e.g., the availability of
diode lasers operating at 391.4 nm; and e€) continue the search for in situ and simple ways to
characterize the secondary emission properties of "practical” cathodes. The need for such
measurements and analyses is illustrated by the very large spread in the published

experimental discharge voltage-current characteristics shown in our compilation. ©
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